In N-glycosylation in both Eukarya and Archaea, N-linked oligosaccharides are assembled on dolichol phosphate prior to transfer of the glycan to the protein target. However, whereas only the α-position isoprene subunit is saturated in eukaryal dolichol phosphate, both the α-and ω-position isoprene subunits are reduced in the archaeal lipid. The agents responsible for dolichol phosphate saturation remain largely unknown. The present study sought to identify dolichol phosphate reductases in the halophilic archaeon, Haloferax volcanii. Homology-based searches recognize HVO_1799 as a geranylgeranyl reductase. Mass spectrometry revealed that cells deleted of HVO_1799 fail to fully reduce the isoprene chains of H. volcanii membrane phospholipids and glycolipids. Likewise, the absence of HVO_1799 led to a loss of saturation of the ω-position isoprene subunit of C 55 and C 60 dolichol phosphate, with the effect of HVO_1799 deletion being more pronounced with C 60 dolichol phosphate than with C 55 dolichol phosphate. Glycosylation of dolichol phosphate in the deletion strain occurred preferentially on that version of the lipid saturated at both the α-and ω-position isoprene subunits.
Introduction
Polyisoprenoids, polymers of up to 100 linearly-linked isoprene subunits, serve various structural and biochemical functions [1] [2] [3] . Although synthesized by all three domains of life, namely Eukarya, Bacteria and Archaea [1] [2] [3] [4] [5] , only Archaea rely on polyisoprenoids as the building blocks of their membrane lipids. Indeed, although originally defined as a domain of life distinct from either Bacteria or Eukarya on the basis of 16S ribosomal RNA (16S rRNA) secondary sequence comparison [6, 7] , Archaea can also be distinguished by their unique membrane lipid structures. Rather than comprising fatty acyl groups ester-linked to sn-glycerol-3-phosphate as in Eukarya and Bacteria, archaeal phospholipids are composed of isoprenoid chains ether-linked to sn-glycerol-1-phosphate [8, 9] .
Despite their importance in archaeal biology, the biogenesis of polyisoprenoids in Archaea has received only limited attention. While it is thought that archaeal polyisoprenoid biosynthesis relies on similar pathways as in Eukarya and Bacteria [2, 3, 5] , aspects of the process seemingly unique to Archaea have been reported. In Methanocaldococcus jannaschii, Thermoplasma acidophilum and Methanothermobacter thermautotrophicus, the mevalonate (MVA) pathway used for generating the polyisoprenoid precursors, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), relies on isopentenyl phosphate kinase (IPK) to convert isopentenyl phosphate to IPP [10, 11] . In the traditional MVA pathway, mevalonate-5-pyrophosphate undergoes decarboxylation to yield IPP [12] . Indeed, IPK is apparently unique to Archaea [5] . A second example of a seemingly archaea-specific facet of polyisoprenoid biogenesis was provided upon in vitro analysis of Sulfolobus acidocaldarius cispolyprenyl diphosphate synthase, where the preferred substrate was reported to be geranylgeranyl pyrophosphate (GGPP) [13] . This differs from what occurs in Eukarya and Bacteria, where farnesyl pyrophosphate (FPP) serves as the primary substrate of this enzyme in the biogenesis of the polyisoprenoids, dolichol phosphate [DolP] and undecaprenol phosphate (UndP), respectively [2, 3] . Finally, an enzyme from M. thermautotrophicus catalyzing both GGPP and FPP synthesis was characterized and shown to be a bi-functional enzyme, distinct from the single function prenyl synthases found elsewhere [14] .
In addition to playing structural roles in membrane lipids, polyisoprenoids also participate in other biological processes in Archaea. In archaeal N-glycosylation, as in the parallel processes in Eukarya and Bacteria, the oligosaccharides that decorate select asparagine residues of target proteins are first assembled on polyisoprenoid carriers [2, 3, [15] [16] [17] [18] . Like Eukarya, Archaea utilize DolP as the glycan-charged lipid carrier [19, 20] . In contrast, UndP serves this role in Bacteria [16] .
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Abbreviations: DGGGP, 2,3-di-O-geranylgeranylglyceryl phosphate; S-GL-1, 6-HSO 3 Contents lists available at SciVerse ScienceDirect Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a l i p However, unlike eukaryal dolichol that contains only a saturated α-position isoprene subunit, both the α-and ω-position isoprene subunits are saturated in archaeal dolichol, as revealed in studies of Haloferax volcanii [19, 20] . Presently, little is known of the enzymes responsible for dolichol isoprene subunit reduction. Recently, SRD5A3 was identified as a polyprenol reductase responsible for saturating the α-position isoprene subunit of human dolichol, with mutation in Srd5a3 being the cause of a novel congenital disorder of glycosylation [21] . As the H. volcanii genome does not include a Srd5a3 ortholog, the polyprenol reductase(s) responsible for saturating the α-and ω-position isoprene subunits of archaeal dolichol have yet to be identified.
In this study, we report that HVO_1799, a predicted geranylgeranyl reductase (GGR) homologue found in the halophilic archaeon H. volcanii, reduces the ω-position isoprene of dolichol phosphate.
Materials and methods

Strains and growth conditions
H. volcanii WR536 parent strain cells were grown in medium containing 3.4 M NaCl, 0.15 M MgSO 4 ·7H 2 0, 1 mM MnCl 2 , 4 mM KCl, 3 mM CaCl 2 , 0.3% (w/v) yeast extract, 0.5% (w/v) tryptone, 50 mM Tris-HCl, pH 7.2, at 42°C [22] .
Deletion of HVO_1799
Deletion of H. volcanii HVO_1799 was achieved using a previously described approach [23, 24] . To amplify approximately 500 bp-long regions flanking the coding sequence of HVO_1799, the HVO_1799-5′ upfor (gggctcgagGTTCCGCGACGCCCTCGCCGA; genomic sequence in capital letters) and HVO_1799-5′uprev (cccaagcttTGTAGAGTAGGCAT-CACCGGT) primers, directed against the upstream flanking region, and the HVO_1799-3′downfor (cccggatccGCCGCCGGGCGACACGCGCGT) and HVO_1799-3′downrev (gggtctagaCGGCCGCCGTCTCCCGAGTCG) primers, directed against the downstream flanking region, were employed. XhoI and HindIII sites were introduced using the HVO_1799-5′upfor and HVO_1799-5′uprev primers, respectively, while BamHI and XbaI sites were introduced using the HVO_1799-3′downfor and HVO_1799-3′downrev primers, respectively.
To confirm deletion of HVO_1799 at the DNA level, PCR amplification was performed using forward primers directed against either an internal region of HVO_1799 (HVO_1799-for; ATGACTGACAACTACGACGTGAT-TATCGC) or trpA (TTATGTGCGTTCCGGATGCG) together with a reverse primer against a region downstream of HVO_1799 (HVO_1799-3′ downrev).
For complementation of the deletion strain, HVO_1799 was PCR amplified from H. volcanii parent strain genomic DNA using primers designed to introduce NdeI (catatgATGACTGACAACTACGACGTGAT) and KpnI (ggtaccTCAGTTCGAGAACCAGTCTTTC) at the 5′-and 3′-ends, respectively. Next, the insert was ligated into the pGEM-T Easy vector (Promega). The HVO_1799 gene was then excised upon digestion with NdeI and KpnI and inserted into the pWL-CBD vector [25] , also digested with the same restriction enzymes, resulting in DNA encoding the Clostridium thermocellum cellulosome cellulose-binding domain (CBD) fused to the 5′ end of HVO_1799.
Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR performed as previously described [24] . Briefly, RNA from parent strain cells was isolated using an Easy Spin Total RNA Extraction Kit (Intron Biotechnology, Kyungki-Do, Korea). RNA concentration was determined spectrophotometrically and contaminating DNA was eliminated with a DNAFree kit (Ambion, Austin, TX). cDNA was prepared from the corresponding RNA (2 μg) using random hexamers (150 ng) in a SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). The single-stranded cDNA was then used as PCR template in a reaction containing the appropriate forward (ATGACTGACAACTACGACGTGATTATCGC) and reverse (TCAGTTCGAGAACCAGTCTTTCGCGG) primer pair.
Liquid chromatography/electrospray ionization mass spectrometry (LC/MS) and tandem mass spectrometry (MS/MS)
LC-ESI/MS/MS analysis of a total H. volcanii lipid extract and the Slayer glycoprotein were performed as described previously [26, 27] .
Normal phase LC-ESI/MS of H. volcanii lipids was performed using an Agilent 1200 Quaternary LC system coupled to a QSTAR XL quadrupole time-of-flight tandem mass spectrometer (Applied Biosystems, Foster City, CA). An Ascentis Si HPLC column ( The elution program consisted of the following: 100% mobile phase A was held isocratically for 2 min and then linearly increased to 100% mobile phase B over 14 min and held at 100% B for 11 min. The LC gradient was then changed to 100% mobile phase C over 3 min and held at 100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5 min. The total LC flow rate was 300 μl/min. The post-column splitter diverted~10% of the LC flow to the ESI source of the Q-Star XL mass spectrometer, with MS settings as follows: IS =−4500 V, CUR =20 psi, GS1=20 psi, DP= −55 V, and FP=−150 V. Nitrogen was used as the collision gas for MS/MS experiments. Data acquisition and analysis were performed using the instrument's Analyst QS software.
For LC-ESI/MS analysis of the H. volcanii S-layer glycoprotein, H. volcanii cells were separated on 7.5% polyacrylamide gels and stained with Coomassie R-250 (Fluka, St. Louis MO). For in-gel digestion of the Slayer glycoprotein, the protein band was excised, destained in 400 μl of 50% (vol/vol) acetonitrile (Sigma, St Louis, MO) in 40 mM NH 4 HCO 3 , pH 8.4, dehydrated with 100% acetonitrile, and dried using a SpeedVac drying apparatus. The S-layer glycoprotein was reduced with 10 mM dithiothreitol (Sigma) in 40 mM NH 4 HCO 3 at 56°C for 60 min and then alkylated for 45 min at room temperature with 55 mM iodoacetamide in 40 mM NH 4 HCO 3 . The gel pieces were washed with 40 mM NH 4 HCO 3 for 15 min, dehydrated with 100% acetonitrile, and SpeedVac dried. The gel slices were rehydrated with 12.5 ng/μl of mass spectrometry (MS)-grade Trypsin Gold (Promega, Madison, WI) in 40 mM NH 4 HCO 3 . The protease-generated peptides were extracted with 0.1% (v/v) formic acid in 20 mM NH 4 HCO 3 , followed by sonication for 20 min at room temperature, dehydration with 50% (v/v) acetonitrile, and additional sonication. After three rounds of extraction, the gel pieces were dehydrated with 100% acetonitrile, dried completely with a SpeedVac, resuspended in 5% (v/v) acetonitrile containing 1% formic acid (v/v) and infused into the mass spectrometer using static nanospray Econotips (New Objective, Woburn, MA). The protein digests were separated on-line by nano-flow reverse-phase liquid chromatography (LC) by loading onto a 150-mm by 75-μm (internal diameter) by 365-μm (external diameter) Jupifer pre-packed fused silica 5-μm C 18 300 Å reverse-phase column (Thermo Fisher Scientific, Bremen, Germany). The sample was eluted into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using a 60-min linear gradient of 0.1% formic acid (v/v) in acetonitrile/0.1% formic acid (1:19, by volume) to 0.1% formic acid in acetonitrile/0.1% formic acid (4:1, by volume) at a flow rate of 300 nl/min.
Other methods
Immunoblotting was performed using polyclonal antibodies raised against the C. thermocellum cellulose-binding domain (obtained from Ed Bayer, Weizmann Institute of Science; 1:10,000). Antibody binding was detected using goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies (1:4000, BioRad, Hercules, CA) and an ECL enhanced chemiluminescence kit (Amersham, Buckingham, UK).
Results
HVO_1799 is a predicted geranylgeranyl reductase
The search for H. volcanii genes encoding proteins responsible for reduction of the α-and/or ω position isoprene subunit(s) of dolichol phosphate began with a scanning of the H. volcanii genome for homologues of known archaeal GGRs. During membrane lipid biogenesis, GGRs are responsible for the reduction of unsaturated isoprenoid side chains [2, 3] , such as those that constitute the hydrophobic moiety of the ether-linked membrane lipids of Archaea [28] [29] [30] [31] . This strategy was based on the fact that almost all Archaea harbor multiple paralogues of GGRs within their genome and that these enzymes are considered to be involved in the reduction of other archaeal isoprenoid-based compounds, besides membrane lipids [5] . Accordingly, the amino acid sequences of T. acidophilum TA0516, Archaeoglobus fulgidus AF0464 and S. acidocaldarius Saci_0986, all shown to possess 2,3-di-O-geranylgeranylglyceryl phosphate (DGGGP)-reducing activity [28] [29] [30] , were used to probe the H. volcanii genome. Such homology searches led to the identification of HVO_1799 as a putative H. volcanii GGR. Like T. acidophilum TA0516, S. acidocaldarius Saci_0986 and A. fulgidus AF0464, HVO_1799 is also assigned to the NADB_Rossmann Superfamily, a group of proteins that share a NAD(P)H/NAD(P)( + )-binding domain found in many redox enzymes [32] . Alignment of the four sequences is presented in Fig. 1 .
As transcription of a given open reading frame offers strong support that the sequence in question corresponds to a true, proteinencoding gene, RT-PCR was performed. Under the growth condition considered (i.e. growth to mid-logarithmic phase in rich medium), HVO_1799 was transcribed (Fig. 2A) . Next, to begin assessing HVO_1799 function, a strain of H. volcanii deleted of the encoding gene was generated. Relying on the so-called 'pop-in/pop-out' approach [23] , the genomic copy of the gene of interest (in this case, HVO_1799) in a strain auxotrophic for tryptophan is replaced by the H. volcanii tryptophan synthase-encoding trpA sequence. The successful replacement of HVO_1799 by trpA was verified at the DNA level by PCR, using genomic DNA from the parent or the deletion strain as template, together with a forward primer directed at a region within HVO_1799 and a reverse primer directed at a downstream region or using the same reverse primer together with a forward primer directed at a region within trpA. While the parent strain contains the HVO_1799 sequence, the gene was not detected in the deletion strain, having been replaced by the trpA sequence (Fig. 2B) . Despite the absence of HVO_1799, the mutant strain grew as well as did the parent strain. Mutant cell colonies were, however, less pigmented than were colonies of parent strain cells.
H. volcanii membrane lipids are affected in cells lacking HVO_1799
To assess whether HVO_1799 contributes to H. volcanii membrane lipid biogenesis, possibly acting as a GGR, a total lipid extract was prepared and examined by LC-ESI/MS. When the major membrane phospholipids, archaetidylglycerol methylphosphate (PGP-Me) and archaetidylglycerol (PG), respectively accounting for 44% and 35% of the H. volcanii polar lipid pool [33] , were considered, substantial differences were noted between the MS profiles of each lipid in the parent and mutant strains. In the parent strain, mass spectrometry value that would result from a failure to saturate four isoprene subunits of the molecule (Fig. 3, lower 
, together accounting for some 15% of the H. volcanii polar lipid pool [33] , were compared in the parent and mutant strains. In the case of S-GL- (Fig. 3 , third and bottom pairs of panels, lower profiles, respectively). Finally, the assignment of the m/z 1055.725 and 1770.369 peaks and the m/z 1047.685 and 1754.270 peaks as S-GL-1 and S-GL-2 in the parent and mutant strains, respectively, was confirmed by MS/MS (Supplementary Fig. 1 ).
The omega position of DolP is only partially saturated in the absence of HVO_1799
In H. volcanii, N-glycosylation involves the assembly of glycans on C 55 and C 60 DolP carriers [20] . However, in contrast to the DolP recruited in eukaryal N-glycosylation bearing a saturated α-position isoprene subunit [15] , H. volcanii DolP is saturated at both the α-and ω-positions [19, 20] . In agreement with earlier studies [20] 
, LC-ESI/MS analysis of a total H. volcanii lipid extract revealed a [M-H]
− ion peak at m/z 917.741 corresponding to C 60 DolP (Fig. 4A, upper  panel) . To assess whether this membrane lipid was also affected by the absence of HVO_1799, the same species was assayed in the lipid pool extracted from cells of the deletion strain. In this instance, a formed. Such analysis revealed a fragmentation pattern consistent with a DolP saturated at the α-but not the ω-position (Fig. 4B) .
Differential glycosylation of C 60 DolP is seen in the absence of HVO_1799
In H. volcanii, DolP is charged with either a tetrasaccharide comprising a hexose, two hexuronic acids and a methyl ester of hexuronic acid or a single mannose residue [20] . Together, these glycans serve to generate the pentasaccharide N-linked to the S-layer glycoprotein, a reporter of N-glycosylation in H. volcanii [34] (Fig. 5 , left column, top to bottom panels, respectively). When the same glycancharged lipid species were analyzed in ΔHVO_1799 cells, a very different set of profiles was obtained. Here, mono-, di-and trisaccharide-charged C 60 DolP saturated at both the α-and ω-positions and at the α-position alone were observed, with the latter pool accounting for a larger portion of the population (Fig. 5 , right column, top, second and third panels, respectively). When, however, the distribution of the two versions of C 60 DolP bearing the tetrasaccharide was assessed, the level of that lipid saturated at both the α-and ω-positions exceeded its counterpart saturated at the α-position alone by a factor of two (Fig. 5 , right column, bottom panel).
C 55 DolP is also affected in the absence of HVO_1799
Like C 60 DolP, C 55 DolP also participates in the H. volcanii Nglycosylation process [20] . Accordingly the effect of HVO_1799 deletion on C 55 DolP and its glycan-charged variants was considered. When the ratios of glycan-charged C 55 DolP carriers saturated at both the α-and ω-positions versus those glycan-charged C 55 DolP molecules saturated at the α-position alone were considered, increasing amounts of doubly saturated glycan-charged C 55 DolP accumulated as the number of lipid-linked sugar subunits climbed from one to three (Fig. 6B , right column, top, second and third panels), as was also seen with C 60 DolP modified by glycans of varying lengths. However, whereas species saturated at the α-position alone predominated with C 60 DolP modified by mono-, di-and trisaccharides (Fig. 5) , in the case of similarly modified C 55 DolP, more carriers saturated at both the α-and ω-positions were noted. Finally, only tetrasaccharide-modified C 55 DolP saturated at both the α-and ω-positions was noted in the mutant cells (Fig. 6B, right column, bottom  panel) .
Complementation of ΔHVO_1799 cells with a plasmid-encoded version of the gene restores HVO_1799 activity
To confirm that the effect on lipid and DolP biogenesis observed in cells lacking HVO_1799 was due to deletion of the encoding gene, the deletion strain was transformed to express HVO_1799 bearing a C. thermocellum CBD tag. Expression of CBD-HVO_1799 in the transformed cells was confirmed by immunoblot using anti-CBD antibodies. The antibodies recognized a single band of approximately 75 kDa (Supplementary Fig. 2 ). While this value is greater than the combined molecular masses of HVO_1799 (45,318 Da) and the CBD moiety (17,215 Da), the slower migration of halophilic proteins on SDS-PAGE is a well-known phenomenon [35] . When the total lipid extract from ΔHVO_1799 cells transformed to express CBD-HVO_1799 was examined by LC-ESI/MS, it was observed that peaks associated with the major membrane lipid, PGP-Me, and the glycolipids, S-GL-1 and S-GL-2, as well as with di-, tri-and tetrasaccharide-charged C 60 DolP, were as seen in the parent strain (Supplementary Fig. 3 ).
The absence of HVO_1799 does not prevent H. volcanii N-glycosylation
Given the effects on HVO_1799 deletion on glycan-charged DolP, Nglycosylation of the H. volcanii reporter glycoprotein, the S-layer glycoprotein, was addressed. Accordingly, trypsin-generated fragments of the S-layer glycoprotein were examined by normal phase LC-ESI/MS. Such analysis revealed a peak of m/z 1224.47 in both the parent and mutant strain samples (Fig. 7) , corresponding to the [M+ 2H] 2+ ion of a pentasaccharide-modified S-layer glycoprotein-derived peptide containing the N-glycosylation site, Asn-13 [34] As such, it can be concluded that although HVO_1799 contributes to dolichol phosphate ω-position isoprene reduction, the absence of HVO_1799 does not prevent N-glycosylation in H. volcanii, at least under the growth conditions tested here.
Discussion
Numerous aspects of DolP biosynthesis have yet to be defined [2, 3] . It is generally thought that polyprenol diphosphate undergoes two rounds of dephosphorylation to produce polyprenol. The polyprenol α-position isoprene subunit is next reduced to yield dolichol, which is subsequently phosphorylated to produce DolP [36] . However, many enzymes involved in this pathway still await identification. While a eukaryal α-isoprene reductase responsible for converting polyprenol to dolichol has been recently identified, the same study demonstrated that more than one enzyme is able to catalyze this reaction [21] .
In seeking these and other as yet unidentified components involved in DolP biogenesis, Archaea offer largely unexplored biological 'territory'. Accordingly, unlike their eukaryal counterparts, in which only the α-position isoprene is saturated, archaeal DolPs contain saturated α-and ω-position isoprene subunits [19, 20] . Indeed, in some species, such as the acidothermophile, S. acidocaldarius, additional DolP isoprene subunits are reduced [37] .
In this study, H. volcanii HVO_1799 was identified as a DolP ω-isoprene reductase. In H. volcanii cells deleted of HVO_1799, the molecular composition of both C 55 and C 60 DolP, as well as glycancharged versions of these lipids, differed from what was seen in the parent strain. In the mutant strain, a substantial population each of these lipid species failed to reduce the ω-position isoprene subunit, with this effect being far more pronounced for C 60 than for C 55 DolP. The greater impact of deleting HVO_1799 on C 60 rather than on C 55 DolP may reflect the fact that H. volcanii contains more of the former than the latter [20] . Such differential effects were also observed with glycan-charged C 55 and C 60 DolP in the deletion strain. In the case of C 60 DolP, the prevalent species, i.e. that species saturated at the α- position isoprene alone, was preferentially modified by mono-, diand trisaccharides. In contrast, C 55 DolP saturated at both the α-and ω-position isoprenes was more likely to be modified by one to three sugar residues. Indeed, as more sugars are added to C 55 DolP, the dually saturated species becomes increasingly modified at the expense of the singly saturated version of the lipid. Nonetheless, with both tetrasaccharide-modified C 55 and C 60 DolP, that version of the molecule saturated at both the α-and ω-position isoprene subunits predominates. In fact, only dually saturated C 55 tetrasaccharidemodified DolP was detected. It would thus appear that AglE, the H. volcanii glycosyltransferase responsible for adding the final subunit of the tetrasaccharidemodified glycan (methyl ester of hexuronic acid [38, 39] ), exclusively modifies the dually saturated form of C 55 DolP while also favoring this native form of C 60 DolP. Neither the basis for such discrimination nor whether AglE alone is responsible for such selectively is presently known. Similarly, AglG and AglI, H. volcanii glycosyltransferases respectively responsible for addition of the hexuronic acids that serve as the second and third subunits of the lipid-linked glycan [34, 40] , also seem to prefer the native form of C 55 DolP over that form saturated at the α-position alone. AglJ, the H. volcanii glycosyltransferase responsible for adding the first hexose residue to DolP [26] , appears to be insensitive to the degree of saturation experienced by C 55 DolP. In contrast, AglJ, AglG and AglI seem to prefer that version of C 60 DolP saturated at the α-position isoprene alone that predominates in the mutant strain. However, despite such differential glycosylation of DolP, the reporter glycoprotein, the S-layer glycoprotein [24, 41] , was decorated with the same N-linked pentasaccharide described earlier [34] in cells either containing or lacking HVO_1799. Still, the relative contributions of glycan-charged C 55 and C 60 DolPs to H. volcanii N-glycosylation have yet to be determined.
While the absence of HVO_1799 had a striking effect on the appearance and processing of DolP, thus assigning the protein the role of a DolP ω-isoprene reductase, mass spectrometry reveals that HVO_1799 also acts as a reductase affecting H. volcanii membrane lipid biosynthesis. The absence of HVO_1799 affected both the major phospho-and glycolipids comprising the H. volcanii membrane, leading to the appearance of lipid species not seen in the parent strain. Indeed, whereas HVO_1799 deletion had only a partial effect on the DolP ω-position isoprene, the entire H. volcanii PGPMe, PG, S-GL-1 and S-GL-2 content, molecules that together comprising some 90% of the polar lipid pool in this organism [33] , were affected by the absence of HVO_1799. As such, it would seem that the major role played by HVO_1799 is that of a GGR or related enzyme. Considering that archaeal lipids are composed of isoprenoid chains ether-linked to sn-glycerol-1-phosphate, rather than fatty acyl groups ester-linked to sn-glycerol-3-phosphate as in Eukarya and Bacteria, the widespread effects of HVO_1799 deletion on H. volcanii lipid biosynthesis is not unexpected.
Through a combination of bioinformatics, gene deletion and mass spectrometry, this study revealed HVO_1799 to act as a DolP ω-isoprene reductase, in addition to its more general role as an apparent GGR. This is the first time an enzyme responsible for saturation of the ω-isoprene subunit in an archaeal dolichol phosphate has been identified. Still, HVO_1799 is not alone in catalyzing ω-position isoprene reduction, as residual activity remains in cells deleted of the encoding gene. In this sense, is noteworthy that a similar phenomenon was observed with the recently identified dolichol reductase, SRD5A3, namely some extent of α-position isoprene reduction persisted in the absence of the encoding gene [21] . It is, moreover, conceivable that in H. volcanii, the same as yet unidentified reductase acts on both the α-and the ω-position isoprene subunits. The search for enzyme(s) able to reduce the α-and/or the ω-position isoprene subunits will be the focus of continued analysis of DolP biosynthesis in H. volcanii. Such analysis will also consider whether α-and/or ω-position isoprene reduction occurs before or after dolichol phosphorylation.
